Abstract-The activation energy of GeO2 was studied by determining the oxide thickness versus temperature from lower to higher oxidation temperature in the range between 450˚C and 600 . It was found that a linear relationship can be obtained between oxidation time and oxide thickness for the oxidation temperature between 450 and 575 while for the 600 , a linear relationship can be obtained for the shorter oxidation time. The rate of oxidation increased until 0.55 and abruptly decreased after increasing oxidation temperature to 600 which implies that the oxygen intermixing occurs during higher oxidation (600 ) rather that diffusion mechanism that leads to the lower activation energy.
I. INTRODUCTION
Over the past 40 years, impressive progress has been made in Silicon (Si) technology by continual scaling of devices to smaller size. This action limits the performance, power consumption, current and shortchannel effects which have the trade-off relationship with each other. Therefore, device structures and materials with high carrier mobility without associated leakage current in gate capacitance are needed. Germanium (Ge) is a promising candidate and become a great current research interest that has higher electron and hole mobility to than Si. [1] [2] . The lower melting point of Ge (938˚C) compared to Si (1414˚C) gives an advantage to Ge metal-oxide-semiconductor (MOS) field effect transistors (FETs) with much lower thermal budget processes [3] . However, with the problem of inferior properties of Ge compared to Si annihilate it in semiconductor foundry [13] [14] [15] [16] . Faster oxidation just after cleaning compared to Si oxidation reflects a difficulty in integrating novel materials as a metal gate electrode and high-k dielectric [4] . Another big issue in implementing Ge as a metal gate electrode and high-k dielectric into advanced transistor is volatilization of Ge monoxide (GeO) during thermal process, which can degrade the performance of MOSFETs. However, previous study shown that the combination of Aluminium Oxide (Al 2O3) and Ge formed Ge oxide (GeOx) after post anneal deposition lower the interface trap density [5] . From this finding, the GeOx can be a potential interfacial layer between high-k and Ge. Recent study shows that the surface cleaning of Ge and anneal temperature influences the growth of interfacial layer between GeOx and Al2Ox that cause the intermixing between GeOx and Al2O3 [6] . In addition, theoretical study on the GeO2/Ge interface has been performed based on the calculations of SiO2/Si interfaces, but the reaction mechanism of Ge oxidation remains unsolved [7] . Therefore, fundamental understanding of the mechanism of Ge oxidation is essential to form a good quality of oxide on Ge surface. Hypothetically, the change of activation energy of Ge oxide growth also can influence the mechanism of Ge oxidation. From the activation energy, the reaction between Ge-O can be discussed in detail. In this work, the thickness of Ge oxide is evaluated with temperature dependence. The activation energy is calculated based on the Arrhenius plot. The value of activation energy will be compared with the reported diffusivity of oxygen in GeO2. From experimental data, the mechanism of Ge oxide growth will be discussed in detail II. EXPERIMENTAL PROCEDURES A p-type Ge(100) with a resistivity of ~10 ohm cm were used in this study. The substrates were unfirmly cut into 1cm 2 pieces. Before dipping into HCl, Ge wafers were dipped in deionized pure water for 90 s and H2O2 for 60 s. These steps are conducted to ensure that all the native oxide and other contaminants are removed completely. Finally, the wafers were rinsed shortly in deionized pure water to minimize the Cl atom on the Ge surface. All the samples were prepared in clean room air at room temperature. In this work, hydrochloric acid (HCl) was used to remove the native oxide. As reported in our previous study, the less surface micro roughness has been determined after HCl cleaning [8] . In addition, the Cl termination has been observed after HCl cleaning that can slow the native oxidation of Ge surface before the next fabrication process [9] . After wet chemical cleaning process, a cleaned wafer was brought quickly to other areas of the fab to oxidize the surface. The wafers were directly kept on the quartz boat then transferred to the mouth of quartz furnace. After 5 minutes, the quartz boat was transferred to the middle of the furnace slowly in order to prevent thermal stress, which cause the wafers to fracture. Then, the sample was leaved for 5 minutes with 2l/min of N 2 flowing before start the oxidation. This process is to remove the contaminant attached on the Ge wafer during the transfer's process. Following the step, the O2 gas was flowed with flowing rate of 2l/min and the N2 gas was reduced to zero. After that, the oxidation process was performed at temperature of 375 to 600C. The spectroscopic ellipsometry and thin film mapper (TFM) measured the oxide thickness. Figure 1 shows GeO2 thickness versus oxidation time as a function if temperature ranging from 450˚C to 600˚C. It shows that the linear relationship was obtained between oxidation temperature and oxide thickness between 450 and 575 . However, for the 600 oxidation, the linear relationship only can be obtained for the shorter time oxidation while the curve saturated after further increased of oxidation temperature. This result indicates that the different mechanism of Ge oxidation between two range of oxidation temperature; (between 450 and 575 ) and 600 ). To discuss the mechanism in detail, a slope, m was extracted by using linear extrapolation of log-scale plot as shown in Figure 2 . It can be seen that the slope of oxidation increases with increasing oxidation temperature from 450˚C to 575 . Further increase in oxidation temperature to 600 decreases the slope of oxidation. These result indicates that the rate of oxygen diffusion through Ge oxide is around 0.55. The reduction of slope at temperature of 600 may be due to the intermixing of oxygen as discussed in the previous work which is difficult to explain the diffusion mechanism. [10] .
III. EXPERIMENTAL RESULTS
To determine the activation energy, the oxidation rate is plotted versus reciprocal temperature as shown in Figure 3 . In Figure 3 , the logarithm of the oxidation rate, m is plotted against the reciprocal of the absolute temperature. It shows that a good straight line is obtained not in all cases. Here, the relationship between ln M and reciprocal temperature (1000/K) can be roughly described by [11] 
where k is a rate constant, A is a pre-exponential factor, Ea is an activation energy, R is a gas constant which is 8.314 
m= -Ea/R
An Arrhenius plot is often used to analyze the effect of temperature on the rates of chemical reaction. The Arrhenius plot was used to investigate the effect of temperature on the rates of interfacial layer growth. From the graph, the activation energy was determined to be 0.22eV which is not consistent with the reported activation energy of diffusivity of oxygen in GeO2 [12] . The lower activation energy may be due to the GeO desorption occurs during Ge oxidation. The Ge atom diffused from the Ge substrate through GeO2 and combined with oxygen near the surface and desorbs as Ge monoxide (GeO). After that the GeO recombined with the oxygen on the surface and form the GeO2 on the top layer. The model of GeO desorption and Ge oxidation are illustrated in Figure 4 . To check the validity of the proposed model, the experimental data was fitted with the mathematical equation for the thermally-grown GeO2 on Ge(100) at 550 oxidized in dry oxygen ambience as shown in Figure 5 . In the figure, the oxidation rate expressed by linear parabolic model (equation (1)) is also plotted as a function of thickness [11] . Figure 4 Model of Ge oxidation and GeO desorption
As in the figure, the thinner region (less than 70 nm) can be divided in to two phase; initial and intermediate phase. The rate rapidly decreases with thickness (oxide thickness less than 10nm) and at the intermediate phase, the rate decreases asymptotically to the onset linear-parabolic kinetics. The expression of the total growth is then written as:
where initial phase; K1exp(-x/L1), intermediate phase:
Consequently, by applying equation (2), the oxide growth rate as the function of oxide thickness can be fitted quite well which can represent the oxidation and desorption simultaneously as shown in Figure 5 . Figure 5 Oxide thickness dependence of growth rate for thermallygrown GeO2 on Ge(100) at 550°C.
IV. CONCLUSION
The oxidation of Ge has been investigated from temperature of 450˚C to 600˚C. The mechanism of Ge oxidation between 450˚C and 575C is different with Ge oxidation at 600˚C. The oxidation of Ge between 450 to 575 is controlled by oxygen diffusion through oxide layer while intermixing of oxygen occurs during 600 oxidation which leads to the difficulty to distinguish the diffusion mechanism.
